Abstract The binary system Cu-Sb is a constituent system that is studied in investigations of technically important ternary and quaternary alloy systems (e.g., casting alloys and lead-free solders). Although this binary system has been thoroughly investigated over the last century, there are still some uncertainties regarding its high-temperature phases. Thus, parts of its phase diagram have been drawn with dashed lines in reviews published in the literature. The aim of this work was to resolve these uncertainties in the current phase diagram of Cu-Sb by performing XRD, SEM-EDX, EPMA, and DTA. The results from thermal analysis agreed well with those given in the literature, although some modifications due to the invariant reaction temperatures were necessary. In particular, reactions located on the Cu-rich side of the nonquenchable high-temperature b phase (BiF 3 -type) left considerable scope for interpretation. Generally, the structural descriptions of the various binary phases given in the literature were verified. The range of homogeneity of the e phase (Cu 3 Ti type) was found to be higher on the Sb-rich side. Most of the reaction temperatures were verified, but a few had to be revised, such as the eutectoid reaction b ! e þ g at 440°C (found to occur at 427°C in this work) and the eutectoid reaction c ! Cu ð Þ þ d at 400°C (found to occur at 440°C in this work). Further phase transformations that had previously only been estimated were confirmed, and their characteristic temperatures were determined.
Introduction

Lead-free soldering
Compared to, say, lead-acid accumulators, solders used in electronics utilize only a relatively small proportion of the lead consumed worldwide. However, recycling lead from electronic waste is a complicated task, and it pollutes the environment when deposited in landfills and incinerator plants. In the European Union, the use of lead-containing solders has been prohibited since 2006, although there are unfortunately many exceptions for special applications. The electronics industry has therefore tried to phase-in the use of solders containing other, less harmful, materials than lead over the last decade. While the development of lead-free lowtemperature soft solders (melting point *180-230°C) is fairly advanced, research into lead-free high-temperature soft solders (melting range [230-350°C) is still in progress. In order to perform a systematic search for appropriate alloy systems, some fundamental data on phase relations and thermochemical properties are essential. COST Action MP0602 will lead to the creation of an encyclopedic database containing data on several different binary and ternary alloy systems. Alloy systems containing the components of leadfree solder and substrate materials are of particular interest for inclusion in this database. The Cu-Sb system is a possible binary constituent of lead-free solder systems. Indeed, Sb is a component of some lead-free solders that are already available on the market (e.g., Ag-Sb-Sn or Cu-Sb-Sn), and copper is the most commonly used substrate, as well as a potential component of the solder itself.
Despite the fact that there is already a considerable amount of data on the Cu-Sb system, some ambiguities were noticed when a literature search focusing on this system was performed. This primarily affects the hightemperature phase (b phase, BiF 3 type), which cannot be stabilized at room temperature by quenching. Thus, the aim of the work described in the present paper was to improve the current version of the phase diagram for the Cu-Sb system by incorporating data gained from new experiments and by critically assessing the available data in the relevant literature. This work will therefore contribute valuable information to the lead-free solder database and lead to better thermodynamic descriptions of this binary system (see [1, 2] ) and derived higher-order systems via the CALPHAD approach.
Literature review
The Cu-Sb phase diagram, as drawn in Massalski [3] , is presented in Fig. 1 . Invariant reactions are listed in Table 1 and crystallographic data in Table 2 , which were taken from works by several authors (see [4] [5] [6] [7] [8] [9] [10] [11] ).
The a phase is Cu containing Sb with extended solubility. The maximum solubility of Sb occurs at 5.8 at% Sb and 645°C. In contrast to this, there is nearly no solubility of Cu in Sb. The b phase, which is a high-temperature phase, melts congruently at 683°C. It crystallizes in a cubic BiF 3 -type structure (DO 3 ) with the space group Fm3m. At the liquid melt, the Sb-rich b forms the g phase in a peritectic reaction (586°C). On the Cu-rich side, b and (Cu) are formed eutectically at 645°C. The b phase decomposes in a eutectoid reaction at 440°C into e and g. Schubert and Illschner first published this reaction [12] , and Heumann and Heinemann [13] subsequently proposed the eutectoid reaction b ! d þ e at 436°C and 22.3 at% Sb based on micrographic data. However, Hansen [14] and later Massalski [3] did not consider the work of Heumann and Heinemann in their assessments, instead establishing the eutectoid decomposition e ! d þ g at 375°C, which was also determined by micrographic data from Heumann and Heinemann's work [13] . Later, Günzel and Schubert [15] described a new phase (f) occurring on the Sb-rich side of d. Therefore, the latter reaction had to be corrected to e ! f þ g (adjusted from 375 to 360°C). The c phase is formed from the b phase with (Cu) in the peritectoid reaction Cu ð Þ þ b ! c (488°C). This transformation and the peritectoid reaction c þ b ! d (462°C) were found by Murakami and Shibata [16] , and both were confirmed by Schubert and Ilschner [12] using dilatometric methods. The e phase was first mentioned by the same authors. They tentatively fixed the respective reaction temperatures and the concentration limits according to their high-temperature X-ray diffraction results. The invariant peritectoid temperatures of the reactions b þ d ! e (445°C) and d þ e ! f(390°C) as well as the eutectoid decomposition of f (f ! d þ g, 280°C) were only roughly estimated by Günzel and Schubert [15] from X-ray diffraction experiments. They proposed the peritectoid temperature (d þ e ! f) to be 390°C, but due to the scatter in their experimental data it can only be said to occur in the temperature range 375-400°C. The decomposition temperature (f ! d þ g) is suggested to be 260°C, but again this temperature can only be stated to lie between 250 and 300°C. The experimental evidence for the eutectoid reaction c ! Cu ð Þ þ d at 400°C as presented in the phase diagrams of Hansen [14] and Massalski [3] is unknown. Thus, some reaction temperatures and phase homogeneity ranges are tentative and not determined precisely yet. This is shown by dashed lines in the assessment of the Cu-Sb system by Massalski [3] . Further works by Liu et al. [2] in 2000 and Gierlotka et al. [1] in 2009 contribute thermodynamic assessments with similar transition temperatures to those described by Massalski [3] . These works are the most recent ones; nevertheless, information on the ranges of homogeneity of many phases is missing. Liu et al. [2] modeled the liquid, the (Cu), the (Sb), and the b phases as solid solutions, as did Gierlotka et al. [1] , but the latter also calculated the d and the c phases as sublattice models. The results obtained in the present work are compared with those given in [3] .
Results and discussion
The samples used for DTA measurements were annealed for four weeks at 340°C or six months at 170°C and quenched in cold water. The temperature program included two heating and cooling loops, starting from the annealing temperature and ending 50-100°C above the estimated liquidus temperature. The heating rate was 5 K/min, the measured temperatures are summarized in Table 3 , the DTA curves can be found in Fig. 2 , and the corresponding invariant reactions are listed in Table 4 . In addition, we generally performed measurements with heating rates of 10 K/min in order to observe the influence of the heating rate on the characteristic temperatures. There was no significant change in the transition temperatures when the heating rate was increased. The temperatures of the maxima of the melting peaks of all samples are consistent with the liquidus temperatures given in [3] . The solidus of the b phase, which was established by performing DTA measurements of five samples with 21-28 at% Sb, was also in agreement with the literature [3] . The reaction temperature as well as the liquidus concentration of 19 at% Sb for the eutectic reaction located at 645°C (L ! Cu ð Þ þ b) were confirmed based on three of our samples; see Table 3 . However, samples at 10, 17.5, and 19.5 at% Sb showed some discrepancies from the data in the literature at temperatures below 645°C [3] . Strong effects were observed in all three samples at temperatures of 467 and 484°C. We allocated the effect at 467°C to the reaction b þ c ! d, which is described in the literature as occurring at 462°C [3] , and the effect at 484°C to Cu ð Þ þ b ! c (which takes place at 488°C according to the literature [3] ). However, according to the phase relations [3] , the effect at 467°C should not be observable in the sample with 10 at% Sb in the first heating run. Surprisingly, this effect was even stronger in the second heating run. In order to clarify this discrepancy, we annealed this sample at 470 and 480°C for 28 days. Both temperatures resulted in large amounts of (Cu) and c, but also traces of the b phase (see Tables 5, 6 ). It is worth noting at this point that the b phase cannot be [11] quenched; it mainly decomposes to the low-temperature phases d and e. Thus, we instead assume that (Cu) is in equilibrium with c at both temperatures. Although the effect is clearly present at 467°C in the sample with 10 at% Sb, we have decided not to change the previously accepted phase diagram given in the literature [3] . XRD analysis of Cu 90 Sb 10 annealed at 435°C and Cu 82.5 Sb 17.5 annealed at 430°C showed (Cu) and d as equilibrium phases (see Fig. 3 ). According to the literature, these samples should both contain the c phase [3] . Supported by an invariant reaction observed at 440°C during DTA of Cu 82.5 Sb 17.5 , we fixed the eutectoid reaction c ! Cu ð Þ þ d at this temperature. This is additionally supported by the fact that the original source of the reaction temperature of 400°C given in [3] could not be found and thus appears to be estimated. The peritectoid reaction b þ d ! e was corroborated by DTA of samples with 21 and 22.5 at% Sb. However, the corresponding temperature (440°C) differs slightly from the literature value (445°C [3] ). DTA of these samples should also show invariant reactions according to e þ d ! f (390°C) and e ! f þ g (360°C), and we did indeed find the reaction at 360°C in Cu 87.5 Sb 22.5 as a weak effect in the second heating run. However, we could not locate the peritectoid reaction at 390°C. Thermal analysis of the samples with 24 and 26 at% Sb agreed well with the previously reported phase diagram [3] above 350°C. On the other hand, DTA of samples annealed at 170°C did not indicate the invariant reaction at 260°C f ! d þ g. Instead, we found two further signals at different temperatures that are possibly related to this reaction (24 at% Sb 323°C, 26 at% Sb 302°C; see also Table 3 ). Because XRD data for the samples with 21, 22.5, 24, and 26 at% Sb are consistent with the literature data [3] , we kept the previously reported phase relations and reaction temperatures. Using the samples with 28 and 30 at% Sb, we were able to determine the temperature of the eutectoid reaction b ! e þ g as 427°C, which had previously been estimated as 440°C ( [3] : dashed lines, see Fig. 1 ). The liquidus and solidus curves allowed us to estimate the congruent melting point of the b phase at 690°C and 29 at% Sb ([3], 683°C) . Finally, we also verified the eutectic reaction at 526°C (L ! g þ Sb ð Þ) and the peritectic reaction at 586°C (b þ L ! g). To investigate the solubility ranges of the phases, we performed SEM/EDX measurements on polished samples. We were especially interested in determining the ranges of homogeneity of the phases that had been only tentatively fixed in the literature ( [3] , dashed lines). All of the results of the EDX measurements along with BSE images of the examined samples can be found in Table 7 . Overall, the ranges of homogeneity were found to fit well to the currently accepted phase diagram in the literature [3] . The solubility limits indicated by the dashed lines for the e phase, g phase, and the high-temperature region of the d phase were determined. For the e phase, an extension of the phase field to higher Sb concentrations than those estimated in the literature [3] was observed, and the g phase was also found to occur at higher Sb concentrations (see Tables 7, 8 ; Fig. 4 ). Even the very narrow two-phase field between the d and the f phases was confirmed by EDX and XRD measurements of the sample with 20.5 at% Sb (see Table 5 ). 
Experimental
Sample preparation
Samples with 10-75 at% Sb (see Table 9 ) were prepared from 99.98% Cu (Goodfellow, Cambridge, UK; treated under an H 2 flow at 200°C for 5 h to remove oxide layers) and 99.999% Sb (Alfa Aesar, Karlsruhe, Germany; the surface oxide layer was removed by filtration of the melt through quartz glass wool). Weighed amounts of the metals were sealed in quartz glass ampoules under vacuum (*10 -3 mbar) and alloyed in a resistance furnace at 1,000°C for a few hours. Annealing was performed again in evacuated quartz glass ampoules for 28 days at selected temperatures (170-600°C, annealing time at 170°C was 6 months). Finally, the alloys were quenched in cold water.
done with a TG/DTA Setsys Evolution instrument from Setaram. The measurements were performed in open alumina crucibles under an Ar atmosphere; slices of Ti sheet in the second crucible were used as reference material.
The powder XRD measurements were done on a Bruker D8 diffractometer (h/2h geometry) at ambient temperature. X-rays were produced in a copper radiation source at an accelerating voltage of 40 kV and with an electron current of 40 mA. A Ni filter was used to remove the K b radiation. The powder was fixed with petroleum jelly on a silicon monocrystal sample carrier, which was rotated during the measurement. The detection unit was the Lynxeye strip detector. Rietveld refinement of the data was done with the Topas3 Ò software provided by Bruker AXS. An optical microscope (Zeiss Axiotech 100 reflected light microscope) as well as EDX techniques (energydispersive spectroscopy; ESEM Zeiss Supra 55 VP) were used for metallographic investigations. In the ESEM, the excitation energy of the electron beam was 15-20 kV. Backscattered electrons were detected in order to visualize the surfaces of our samples. The characteristic spectral lines were used for EDX: the Cu K line and the Sb L line. Underlined only XRD, bold XRD/ESEM, italics XRD/ESEM/DTA Fig. 4 New version of the Cu-Sb phase diagram
